Growth hormone (GH) and insulinlike growth factor 1 (IGF-1) are anabolic hormones that facilitate somatic and skeletal growth and regulate metabolism via endocrine and autocrine/paracrine mechanisms. We hypothesized that excess tissue production of GH would protect skeletal growth and integrity in states of reduction in serum IGF-1 levels. To test our hypothesis, we used bovine GH (bGH) transgenic mice as a model of GH hypersecretion and ablated the liver-derived acid-labile subunit, which stabilizes IGF-1 complexes with IGF-binding protein-3 and -5 in circulation. We used a genetic approach to create bGH/als gene knockout (ALSKO) mice and small interfering RNA (siRNA) gene-silencing approach to reduce als or igf-1 gene expression. We found that in both models, decreased IGF-1 levels in serum were associated with decreased body and skeletal size of the bGH mice. Excess GH produced more robust bones but compromised mechanical properties in male mice. Excess GH production in tissues did not protect from trabecular bone loss in response to reductions in serum IGF-1 (in bGH/ALSKO or bGH mice treated with siRNAs). Reduced serum IGF-1 levels in the bGH mice did not alleviate the hyperinsulinemia and did not resolve liver or kidney pathologies that resulted from GH hypersecretion. We concluded that reduced serum IGF-1 levels decrease somatic and skeletal growth even in states of excess GH. (Endocrinology 158: 2556(Endocrinology 158: -2571(Endocrinology 158: , 2017 
G rowth hormone (GH) and insulinlike growth factor 1 (IGF-1) are anabolic hormones that control somatic and skeletal growth (1) . Clinical studies (2, 3) and numerous animal models of the GH/IGF-1 axis (1) have established that excesses in GH/IGF-1 enhance somatic growth, whereas lack of GH/IGF-1 signals retards growth. GH controls liver IGF-1 production and, by inference, serum IGF-1 levels. In serum, IGF-1 forms binary complexes with IGF-binding proteins (IGFBPs) that protect it from proteolytic degradation and regulate its binding to the IGF-1 receptor in tissues (4) . Most IGF-1 in serum is found in a high-molecular-weight (;150 kDa) ternary complex with IGFBP-3 and an acid-labile subunit (ALS), both of which are predominantly produced by the liver under GH regulation (5) (6) (7) . ALS binds to IGFBP-3 (or IGFBP-5) and plays an important role in stabilizing the ternary complex, thus regulating levels of serum IGF-1. In humans, mutations in ALS lead to marked reductions in serum IGF-1 level, growth retardation, and metabolic abnormalities (8) . Ablation of the als gene in the mouse [als gene knockout (ALSKO)] recapitulates the human phenotype (9) . ALSKO mice show reduced serum IGF-1 levels, reduced body weight, and skeletal and metabolic abnormalities (10) (11) (12) (13) (14) .
Previous studies from our laboratory have shown that reductions in serum IGF-1 levels due to ablation of als (ALSKO) (10) or liver-specific IGF-1 gene deletion (LID) (15) resulted in mild reductions in body weight (;6% to 10%) and body and bone lengths despite 65% and 75% reduced serum IGF-1 levels, respectively. However, skeletal integrity was substantially compromised. Long bones of ALSKO and LID mice were more slender and mechanically inferior than those of controls (10, 15) . In contrast, studies of mouse models overexpressing bovine GH (bGH) or human GH reported increases in serum and tissue IGF-1 levels, as well as increases in body weight and skeletal robustness, a structural measure of longitudinal vs. radial bone growth [e.g., total cross-sectional area/ bone length (Le)](1).
We hypothesized that excess tissue production of GH/ IGF-1 would protect the skeleton from impairments caused by reductions in serum IGF-1 level. We used bGH transgenic mice that express bGH ubiquitously under the metallothionein promoter/enhancer (16) as a model of excess GH. To test our hypothesis, we used a genetic approach in which we crossed bGH mice with ALSKO mice to generate bGH/ALSKO mice and a small interfering RNA (siRNA)-gene-silencing approach whereby hepatic transcription of IGF-1 or ALS was inhibited in the bGH mice. Using both approaches, we created mice with excesses of bGH and IGF-1 in tissues that showed significant reductions in serum IGF-1 levels.
Methods

Ethics statement
All procedures involving mice were reviewed and approved by the Institutional Animal Care and Use Committee of the New York University School of Medicine; the Public Health Service animal welfare assurance identification number is A3435-01. The program is licensed under the United States Department of Agriculture as research facility no. 465.
Mice
Generation of bGH (17) and ALSKO mice (5) was previously described. All mice were in the C57BL/6J (B6) genetic background. Weaned mice were randomly allocated into cages separated according to their sex. Mice were housed two to five animals per cage in a facility with 12-hour light/12-hour dark cycles and free access to food and water. Different analyses were performed in male and female mice at the indicated ages.
Serum parameters
Serum and plasma were collected via orbital bleeding immediately after euthanasia between 8 and 10 AM. Serum hormone levels were measured by enzyme-linked immunosorbent assay: IGF-1 (catalog no. 22-IG1MS-E01; ALPCO, Salem, NH), insulin (NC9440604; Mercodia, Winston-Salem, NC), IGFBP-3 levels (catalog no. EMIGFBP3; Thermo Fisher, Waltham, MA), osteocalcin (catalog no. 60-1305; Immutopics, Inc., Athens, OH), and carboxy-terminal collagen crosslink [(CTX) catalog no. MBS703094; MyBioSource, San Diego, CA]. Serum ALS levels were determined by Western immunoblotting; 2.0 mL of serum was separated on 4% to 20% gradient SDS-PAGE (catalog no. NP0335; Life Technologies, New York, NY) and transferred to nitrocellulose membranes (catalog no. 170-4158; Bio-Rad, Hercules, CA). They were then detected using the anti-ALS primary antibody (catalog no. AF1436; R&D, Minneapolis, MN) and secondary antibody (catalog no. HAF109; R&D). Blood glucose levels were measured from the tail vein using an automated glucometer (Elite; Bayer, Mishawaka, IN) at the indicated time points.
Gene expression
Total RNA was extracted from tissues or femurs (cortical bone shells flushed of the bone marrow) using TRIzol (Invitrogen, Carlsbad, CA) or by RNeasy Plus kit (catalog no. 74134; Qiagen, Germantown, MD). RNA samples (1 mg) were reversetranscribed using a complementary DNA synthesis system (catalog no.18080-051; Invitrogen), and quantitative real-time polymerase chain reaction (RT-PCR) was performed using SYBR Master Mix (catalog no. 4385612; Life Technologies/Applied Biosystems) on a BioRad CFX384 TM real-time machine with a C1000 Touch TM Thermal Cycler detection system following the manufacturer's instructions. Transcript levels were assayed three times in each sample, and the ratio of the fold-change between experimental and control samples was calculated relative to GAPDH or 18S, as indicated. The following primers were used:
0 -CGGCTACCACATCCAAGGAA-3 0 ; and reverse 5 0 -GCTGGAATTACCGCGGCT-3 0 .
siRNA silencing siRNAs that target IGF-1 or ALS messenger RNA were administered subcutaneously once a week from 4 to 11 weeks of age. The siRNAs were conjugated to an N-acetylgalactosamine (GalNAc) for optimized delivery as previously described (18) . The siRNA duplexes targeting mouse IGF-1 and ALS were designed to maximize predicted efficacy and minimize off-target effects using proprietary algorithms. Potent GalNAc-siRNAs targeting IGF-1 and ALS were selected using in vitro cell-based activity screens with confirmation of activity in wild-type (WT) mice. Reactive siRNA-ALS or siRNA2IGF-1 duplexes that inhibited als or igf-1 gene transcription, respectively, by more than 80% in WT mice were chosen for experiments with the bGH mice. A dose-response study revealed that 3 mg/kg given once a week was sufficient to inhibit gene transcription and show sustained reductions in serum level of ALS or IGF-1 for at least 7 days. Thirty-two WT (C57Bl/6) male mice at 3 weeks of age were randomly assigned to four groups and were injected intraperitoneally with siRNA-ALS (AD-66807.1, 3 mg/kg), SiRNA2IGF-1 (AD-68112.2, 3 mg/kg), siRNA-ALS/IGF-1 (3 mg/kg each), or vehicle [phosphate-buffered saline (PBS)] once a week for 7 to 8 weeks.
Histology
Tissues were fixed in 10% zinc formalin and then processed for paraffin sectioning (5-mm sections) and stained with hematoxylin and eosin. Bones were decalcified prior to paraffin embedding. Sections were stained with cathepsin K antibody (catalog no. ab19027; dilution 1:200). Cathepsin K2positive cells on trabecular bone surface were counted.
Microcomputed tomography
Microcomputed tomography (microCT) was performed according to published guidelines (19) . The left femora were scanned using a high-resolution SkyScan microCT system (SkyScan 1172; Kontich, Belgium). Images were acquired using a 10-MP digital detector, 10W of energy (70 kV and 142 mA), and a 0.5-mm aluminum filter with a 9.7-mm image voxel size. A fixed global threshold method was used according to manufacturer's recommendations and preliminary studies, which showed that mineral variation between groups was not high enough to warrant adaptive thresholds. The cortical region of interest was selected as the 2-mm mid-diaphyseal region directly below the third trochanter, which includes the middiaphysis and more proximal cortical regions. The following cortical bone measurements were made: total cross-sectional area (Tt.Ar), cortical bone area (Ct.Ar), marrow area, cortical bone thickness (Cs.Th), polar moment of inertia (MMI), and tissue mineral density (TMD). The trabecular measurements assessed as the 2-mm region at the distal femur metaphysis included the bone volume relative to the total volume, bone mineral density (BMD), trabecular number (Tb.N), trabecular spacing, and trabecular thickness (Tb.Th). Additional whole bone measurements were made, including femoral Le, robustness (Tt.Ar/Le), and relative cortical area (RCA; Ct.Ar/Tt.Ar).
Three-point bending assay
Harvested femurs were stored frozen at 220°C and wrapped in PBS-soaked gauze. At testing time, samples were brought to room temperature in a saline bath. Three-point bending tests to failure were carried out using a BOSE materials testing machine (ElectroForce 3220; MN) according to published guidelines (20) . The upper loading span width was 3 mm, and the lower support span width was 6 mm. Femora were positioned in a saline bath posterior side down on the supports to generate bending moments about the medial-lateral axis. Samples were carefully centered on the supports to ensure maximum load at the midpoint of the diaphysis. A preload of 1 N was briefly applied to secure the sample, and then a ramp waveform at a constant displacement rate of 0.10 mm/s was applied until failure. Load-displacement curves were recorded and subsequently analyzed.
Primary osteoclast cultures
Bone marrow was flushed from long bones with 3 mL of minimum essential medium a (aMEM) and washed three times using aMEM. Bone marrow cells in aMEM were supplemented with 10% fetal bovine serum and plated in a 10-mL dish overnight. Nonadherent cells were collected and loaded on Ficoll, and the interphase, including myeloid cells, was collected. Cells were then washed three times with aMEM and seeded in triplicates on a 96-well plate (0.15 3 10 6 cells/mL) in aMEM supplemented with 10% fetal bovine serum 40 ng/mL macrophage-colony stimulating factor and 60 ng/mL receptor activator of nuclear factor kB ligand. Cultures were followed for 6 days and subsequently stained for tartrate-resistant acid phosphatase using a kit (catalog #387A-1K; Sigma). Multinucleated (at least three nuclei) tartrate-resistant acid phosphatase2positive cells were counted.
Statistical analyses
Data are presented as mean 6 standard error of the mean. Differences between groups were tested using two-way analysis of variance/Tukey post hoc test. Significance was accepted at P , 0.05. Scientists were blinded to sample identifications in all experimental procedures.
Results
Body and organ growth of bGH mice in the absence of ALS (a genetic approach)
To ablate the ALS in the bGH transgenic mice, we crossed them with the ALS null (ALSKO) mice that were characterized previously (10). We followed four groups of mice: control, bGH, ALSKO, and bGH/ALSKO [ Fig. 1 (a) and 1(b)] of both sexes. Body weight was recorded three times a week starting at 21 days to ;112 days of age. As established previously (17) , the bGH male and female mice exhibited significant increases in body weight starting at 3 to 4 weeks of age [ Fig. 1(c) and 1(d)] . Likewise, the previously described ALSKO mice (10) exhibited reduced body weight in both sexes compared with controls [ Fig. 1(c) and 1(d) ].
Liver expression of als was undetectable in ALSKO or bGH/ALSKO mice, whereas igf-1 gene expression was upregulated in these groups in both sexes [ Fig. 1 (e) and 1(f)]. Ghr gene expression was not affected by deletion of als in the male bGH/ALSKO mice compared with the bGH mice [ Fig. 1(e) ], but it was increased in female mice [ Fig. 1(f) ] compared with bGH mice. In accordance with previous reports (21, 22) , we found that insulin receptor gene expression in the liver was reduced in bGH and bGH/ALSKO mice in both sexes [ Fig. 1 (e) and 1(f)], most likely because of insulin resistance in these mice.
A fivefold increase in serum IGF-1 level was exhibited in male bGH mice [ Fig. 1(g) ] as well as an approximately twofold increase in female mice [ Fig. 1(h) ]. Ablation of The metabolic abnormalities of the bGH mice were extensively studied (23) . bGH mice are insulin resistant and show increased serum insulin levels but do not always show hyperglycemia (24) . We found hyperinsulinemia in bGH male mice (2.599 6 0.435 ng/mL vs. 0.831 6 0.226 ng/mL in controls) and bGH female mice (2.673 6 0.080 ng/mL vs. 0.474 6 0.080 ng/mL in controls) that persisted even with ablation of ALS in bGH/ALSKO male mice (4.073 6 0.703 ng/mL) and female mice (2.452 6 0.330 ng/mL) (Supplemental Table 1). Fasting glucose levels were slightly elevated in bGH male and female mice, but fed glucose levels did not differ between the groups (Supplemental Table 1 ).
Organ weights were recorded at 16 weeks of age (Table 1) . Despite reductions in body weight of bGH/ ALSKO mice compared with bGH mice, relative liver weights were similar in these groups in both sexes. We found that relative weights of the kidney, spleen, and heart increased in bGH/ALSKO mice compared with weights in bGH mice in both sexes. In contrast, relative muscle (quadriceps) weights in bGH/ALSKO mice decreased compared with weights in bGH mice, but only in males.
Livers from bGH mice exhibited hepatocellular hypertrophy with karyomegaly, single-cell necrosis, and cellular infiltrates as expected for this model [ Fig. 2 (a-c); Supplemental Table 2 ]. Livers from bGH/ALSKO mice were similar to those from bGH mice; thus, genetic ablation of als had no effect on the incidence or severity of histopathological findings observed in the bGH mouse [ Fig. 2 (a-c); Supplemental Table 2 ]. There were no sex differences in liver histology (Supplemental Table 2 ). Histological findings in livers from control and ALSKO mice were within normal limits and showed variable levels of glycogen consistent with variability in feeding cycle. bGH mice have exhibited severe glomerulosclerosis (25) (26) (27) . Kidneys from bGH and bGH/ALSKO mice showed similar incidence and severity of membranoproliferative glomerulopathy [ Fig. 2 (g-i); Supplemental Table 2 ]. All groups, including controls, showed similar incidence and severity of kidney tubular lesions of uncertain pathophysiology.
Skeletal growth of bGH mice in the absence of ALS (genetic approach)
Increases in GH levels in bGH mice result in skeletal overgrowth. To study how reductions in serum IGF-1 levels affect the skeletal properties of the bGH/ALSKO mice, we used microCT [detailed in Fig. 3 (a) and 3(b); Supplemental Table 3 ] and three-point bending assays (Fig. 3) . Cortical bone morphology assessed at the femur mid-diaphysis showed increased Tt.Ar [ Fig. 3 (c) and
in both sexes of bGH mice that significantly decreased in male and female bGH/ALSKO mice. Ct.Ar [ Fig. 3 (e) and 3(f)] increased in bGH mice in both sexes and decreased with ablation of ALS (bGH/ ALSKO) in both sexes. In male bGH mice, Cs.Th was Effects of genetic ablation of ALS in bGH mice on skeletal morphology and mechanical properties. Femurs dissected from 16-week-old mice were analyzed by microCT (WT males, n = 13; ALSKO males, n = 10; bGH males, n = 9; bGH/ALSKO males, n = 14; WT females, n = 11; ALSKO females, n = 6; bGH females, n = 13; bGH/ALSKO females, n = 13). (a, b) Three-dimensional images of cortical and trabecular volumes at the mid-diaphysis and distal metaphysis, respectively, from male and female mice. (c, d) Total cross-sectional area (T.Ar), (e, f) bone area, (g, h) cortical bone thickness, (i, j) relative cortical bone area (RCA; Ct.Ar/T.Ar 3 100), and (k, l) polar MMI of cortical bone taken at the femur middiaphysis in male and female mice. (m, n) Cortical bone mineral density. Mechanical properties of the femur were determined using a three-point bending assay (WT males, n = 7; ALSKO males, n = 6; bGH males, n = 5; bGH/ALSKO males, n = 10; WT females, n = 6; ALSKO females, n = 6; bGH females, n = 8; bGH/ALSKO females, n = 10). increased in bGH and bGH/ALSKO groups compared with controls [ Fig. 3(h) ]. RCA in bGH/ALSKO females significantly increased compared with Cs.Th in bGH mice [ Fig.  3(j) ], suggesting decreased endosteal bone resorption in that group. Trabecular bone morphology at the distal metaphysis of the femur varied largely. Male and female bGH mice did not show significant differences in trabecular bone traits compared with controls (Supplemental Table 3 ); however, in male bGH mice, Tb.Th decreased. Ablation of ALS in bGH male mice did not affect the trabecular bone compartment, such that no significant differences were found between bGH and bGH/ALSKO males (Supplemental Table 3 ). However, in female mice, the effects of ALS ablation in bGH was more profound, such that bGH/ALSKO females showed decreased Tb.N, decreased trabecular BMD, and increased trabecular spacing compared with values in bGH females. This could indicate a development-related decrease in trabecular bone volume in bGH/ALSKO mice or increased trabecular bone resorption in that group.
Bone mechanical properties were estimated from the polar MMI [ Fig. 3(k) and 3(l) ], a trait derived from the microCT analyses and three-point bending assays [ Fig. 3(q-t) ]. In contrast to our estimations from the microCT morphological parameters, which suggest that bGH bones are more robust (Tt.Ar/Le) with significant increases in polar MMI [ Fig. 3(k) and 3(l) ], we found that male bGH mice showed reduced bone toughness and stiffness and that their strength does not relate proportionally to their morphological traits. These data are in line with decreased cortical bone TMD in bGH mice compared with controls [ Fig. 3(m) ] (controls: 1.82 6 0.012 mg/mL; bGH mice: 1.73 6 0.03 mg/mL; P = 0.004), suggesting that bone quality is compromised in bGH male mice. Ablation of ALS in bGH males restored femur toughness and stiffness in the bGH/ALSKO mice and was associated with increased cortical TMD (bGH/ALSKO mice: 1.80 6 0.01 mg/mL; P = 0.046 compared with bGH mice alone). In female bGH mice, we found increases in polar MMI and increased maximum strength by three-point bending assay, but their toughness and stiffness did not show the expected mechanical strength from the microCT data [ Fig. 3(p) , 3(r), and 3(t)], again suggesting compromised bone tissue quality. In females, bone stiffness increased in bGH/ALSKO mice compared with bGH mice alone. Cortical TMD did not differ between the female groups [ Fig. 3(n) ].
Subsequently, we measured serum levels of osteocalcin [ Fig. 4(a) and 4(b) ], a bone formation marker, and CTX, a bone resorption marker [ Fig. 4(c) and 4(d) ]. Osteocalcin levels did not differ between bGH and bGH/ALSKO groups in either sex. CTX levels were significantly higher in bGH and bGH/ALSKO females, whereas no significant differences were detected in the male groups.
We also determined the number of osteoclast (OC) progenitors in bone marrow extracted from long bones [ Fig. 4 (e) and 4(f)] in all groups. We found that marrow from male bGH mice had significantly more OC progenitors than the marrow of controls and that the OC number was reduced in bGH/ALSKO males. Females did not show significant differences in the number of OC progenitors in cultures; however, the total number of OCs increased in female mice. Expression levels of the Igf-1 gene in the femur cortical shells increased (but did not reach significance) in male and female bGH and bGH/ ALSKO mice, and the expression of cathepsin K, an OC marker, showed a similar pattern (but did not reach significance), suggesting more resorption in these groups [ Fig. 4 (g) and 4(h)]. Lastly, bone sections from bGH male mice showed increased anticathepsin K2positive cells on trabecular bone surface [ Fig. 4(i) ], suggesting an increased bone resorption. Our data are in accordance with those from a previous study showing that overexpression of IGF-1 in osteoblasts increased bone resorption (28) .
Validation of siRNA approach to silence liver production of ALS or IGF-1 in WT mice
Our second approach was aimed at understanding whether exogenous intervention to reduce serum IGF-1 levels postnatally (by siRNA) would affect body and skeletal growth in a manner similar to the genetic approach with congenital ablation of ALS (bGH/ALSKO). To do that, we used GalNAc-conjugated siRNA. GalNAc is a carbohydrate moiety that allows the siRNA to be efficiently internalized by the hepatocyte-specific cell surface asialoglycoprotein receptor. Using the siRNAconjugates does not elicit an inflammatory response in the liver (29, 30) .
To validate the efficacy of the siRNA duplexes, we used WT mice. We found only minor reductions in body weight in the different groups of WT mice injected with siRNA, which did not reach significance [Supplemental Fig. 1A ]. These findings were in accordance with our previous reports of LID (15) and ALSKO mice (10) , which showed only mild reductions in body weight despite significant reductions in serum IGF-1 levels. Organ weights of WT mice injected with als and Igf-1 siRNA duplexes revealed that the relative liver weight to body weight increased (Supplemental Table 4 ). Injection of siRNA2IGF-1 increased the relative weight of the gonadal fat pad and significantly decreased kidney and pancreas weights compared with those of PBS-injected WT mice (Supplemental Table 4 ).
Liver expression of the als or igf-1 gene was evaluated by RT-PCR. As expected, we found .90% inhibition of als or igf-1 gene expression in the siRNA-injected WT mice (Supplemental Fig. 1B) . Accordingly, serum samples collected at euthanasia showed 75% reductions in IGF-1 levels in WT mice injected with siRNA-ALS, 85% reductions in WT mice injected with siRNA2IGF-1, and 95% reductions in WT mice injected with SiRNA-ALS/IGF-1 (Supplemental Fig. 1C ). IGFBP-3, the main carrier of IGF-1 in circulation, is stabilized via binding to ALS (31) . Genetic ablation of ALS has shown significant reductions in serum IGFBP-3 levels, most likely because of increased degradation (32) . Accordingly, we found 60% reductions in serum IGFBP-3 levels in WT mice injected with siRNA-ALS or siRNA-ALS/IGF-1 Supplemental Fig. 1D ). Likewise, serum ALS levels were reduced by 60% in WT mice injected with siRNA2IGF-1 and was virtually undetectable in WT mice injected with siRNA-ALS or siRNA-ALS/IGF-1 (Supplemental Fig. 1E ). The aforementioned studies with the WT mice established the efficacy of the siRNA duplexes in reducing liver production of IGF-1 and ALS.
Body and organ growth in bGH mice in response to als and igf-1 gene silencing (using siRNA-ALS or siRNA2IGF-1)
Male and female bGH mice were allocated randomly to four groups. Starting at 21 days, siRNA-ALS (3 mg/kg), SiRNA2IGF-1 (3 mg/kg), siRNA-ALS/IGF-1 (3 mg/kg each), or vehicle (PBS) was injected once a week for 7 to 8 weeks. Male bGH mice injected with siRNA-ALS, siRNA2IGF-1, or both siRNA-ALS/IGF-1 showed decreased body weight [ Fig. 5(a) ]. However, in female bGH mice injected with siRNA-ALS, body weight did not decrease [ Fig. 5(b) ]. bGH females injected with siR-NA2IGF-1 showed significant reductions in body weight starting 2 weeks after the first injection, whereas those injected with both siRNA-ALS/IGF-1 exhibited further reductions in body weight that were evident as early as a few days after the first injection [ Fig. 5(b) ].
Liver expression of the als or igf-1 genes was evaluated by RT-PCR. As expected, we found .90% inhibition of als andr igf-1 gene expression in bGH mice injected with siRNA-ALS and siRNA2IGF-1, respectively, in both males and females siRNA injections in the bGH mice did not affect fed blood glucose levels in either sex (Supplemental Table 1 ). bGH mice showed increased serum insulin levels (all .2.5 ng/mL) in both sexes (Supplemental Table 1 ), which were not changed with siRNA-duplex injection.
Organ weights of bGH mice treated with siRNA complexes for 7 weeks were recorded at euthanasia (Table 2) . Relative organ weights of bGH mice injected with siRNA-ALS did not differ from those of vehicle-injected mice. In male bGH mice injected with siRNA2IGF-1 or in bGH mice injected with siRNA-ALS/IGF-1, we recorded reductions in relative weights of muscle, kidney, heart, and pancreas compared with weights in the bGH-PBS group (Table 2) . In female mice, we found that injection of siRNA-ALS/IGF-1 decreased kidney, spleen, and pancreas sizes, whereas the subcutaneous fat pad increased (Table 2) .
Histological evaluation of livers from bGH mice injected with vehicle or siRNA duplexes revealed hepatocellular hypertrophy with karyomegaly [ Fig. 2(d-f) ; Supplemental Table 2 ]. No differences were found between groups in the incidence or severity of histological findings with siRNA treatment individually or in combination. Kidneys from vehicle-injected bGH mice showed minimal to mild membranoproliferative glomerulonephropathy (with only rare tubular lesions) that was exacerbated in females but not in males by the administration of siRNA2IGF-1 with or without concurrent administration of siRNA-ALS [ Fig. 2(j-l) ; Supplemental Table 2 ].
Skeletal characterization of bGH mice in response to reductions in serum IGF-1 level using siRNA and genetic approaches
In both male and female bGH mice, the cortical bone compartment (detailed in Supplemental Table 5 ) showed response to siRNA injections [ Fig. 6(c-n) ]. A more profound response was seen following injection of siR-NA2IGF-1 as opposed to injection of siRNA-ALS. Male bGH mice injected with siRNA-ALS showed decreased Tt.Ar, whereas injection of siRNA2IGF-1 decreased Tt.Ar, Ct.Ar, and polar MMI. Injection of siRNA-ALS/ IGF-1 in bGH males had similar effects to those seen with injection of siRNA2IGF-1. In female bGH mice, siRNA-ALS did not affect cortical bone morphology, whereas siRNA2IGF-1 or siRNA-ALS/IGF-1 injection caused significant reductions in Tt.Ar, Ct.Ar, Ct.Th, and MMI. As in the genetic model, trabecular bone morphology at the femur distal metaphysis dissected from siRNA-injected bGH groups varied widely (detailed in Supplemental Table 5 ). In females, we found significant reductions in Tb.Th in all injected groups, which may indicate increased resorption (Supplemental Table 5 ).
Polar MMI [ Fig. 6 (k) and 6(l)] decreased in both sexes of bGH mice injected with siRNA duplexes, with the largest effect seen in the siRNA-ALS/IGF-12injected groups. In female but not male mice, cortical TMD was significantly reduced with siRNA-ALS/IGF-1 injection (bGH-PBS: 1.78 6 0.01 mg/mL; bGH-siRNA-ALS: 1.78 6 0.01 mg/mL; bGH-siRNA2IGF-1: 1.76 6 0.02 mg/mL; bGH-siRNA-ALS/IGF-1: 1.70 6 0.01 mg/mL) [ Fig. 6(m) and 6(n) ]. In this model, female mice in all groups injected with siRNA duplexes showed significant reductions in bone strength (max force) [ Fig. 6(p) ], bone stiffness [ Fig. 6(r)], and toughness [Fig. 6(t) ]. Male bGH Figure 5 . siRNA approach to silence Igf-1 and als gene expression in bGH mice. Body weights of (a) male and (b) female mice followed up from 4 to 11 weeks of age. Liver expression of the Igf-1, als, Igfbp3, Ghr, and Insr genes in (c) male and (d) female mice at 11 weeks of age. Serum IGF-1 levels in (e) male and (f) female mice at 11 weeks of age. Serum IGFBP-3 levels in (g) male and (h) female mice at 11 weeks of age. Western immunoblotting of serum ALS in (i) male and (j) female mice at 11 weeks of age. Data are presented as mean 6 standard error of the mean. Significance is accepted at P , 0.05 [(a) = vs. bGH-PBS; (b) = vs. bGH-siRNA-ALS; (c) = vs. bGH-siRNA-IGF-1]. mice showed reduced max force when injected with siRNA duplexes; however, bone stiffness and toughness did not change with injection [ Fig. 6 (o), 6(q), and 6(s)].
Discussion
Our study shows that congenital ablation of ALS or the siRNA-duplex approach to silence liver expression of the igf-1 and als genes effectively reduced serum IGF-1 and IGFBP-3 levels in male and female bGH mice. Subsequently, reductions in serum IGF-1 levels (using the two approaches) decreased body weight and reduced skeletal size in both sexes. The changes in body and skeletal size of bGH mice following ALS inactivation were not accompanied by changes in glucose or insulin levels.
Excess GH in bGH mice was associated with increased hepatocellular mitosis and hypertrophy, increased singlecell necrosis, and increased mononuclear infiltrates, irrespective of serum IGF-1 levels in both sexes of the two models (genetic and siRNA duplex). These findings are consistent with the hepatic histology of mice expressing the bGH transgene under the phosphoenolpyruvatecarboxykinase promoter (33) . In this report, the authors showed that hepatic pathology remained even after crossing the mice with the IGF-1 null mice. GH-induced enlargement of the liver was also reported in IGF-1 null mice with elevated endogenous GH secretion (34, 35) . In contrast, IGF-1 transgenic mice did not show increased liver size (36) even in the absence of endogenous GH (37), and hepatocytespecific IGF-1 transgenic mice did not show alterations in liver size (38, 39) . These data suggest that the effects of GH on hepatocellular morphology are IGF-1 independent.
Excesses in GH/IGF-1 are associated with changes in renal size, morphology, and glomerular/tubular function. We found that all groups of bGH mice (in both models and both sexes) showed membranoproliferative glomerulonephropathy characterized by increased glomerular mesangium and glomerular hypercellularity. Previous reports indicated that both IGF-1 transgenic and bGH mice show glomerular hypertrophy; however, even though IGF-1 transgenic mice have higher serum IGF-1 levels than bGH mice, they show less severe phenotype and do not develop glomerulosclerosis (25, 27) . This suggests that activation of the GH receptor is most likely the cause of glomerular hypertrophy and not GH-mediated local production of IGF-1 or high serum IGF-1 levels. Similarly, in the current study, despite significant reductions in serum IGF-1 levels (in bGH/ALSKO and bGH mice injected with siRNA duplexes), we did not observe improvement in kidney pathology. Therefore, reductions in serum IGF-1 levels are insufficient to alleviate kidney abnormalities in cases of extremely elevated GH levels (as seen in the bGH transgenic mice).
GH affects skeletal size and integrity via its direct actions on skeletal cells (osteoblasts, osteocytes, and OCs) and via its effects on vitamin D production in the Data are presented as mean 6 standard error of the mean. Significance was tested with two-way analysis of variance/Tukey post hoc test and accepted at P , 0.05. Bolded numbers indicate significant interaction (P , 0.05) between SiRNA-ALS and SiRNA-IGF-1.
Abbreviations: bFat, brown fat; BW, body weight; gFat, gonadal fat; Sc, subcutaneous fat. kidney and secondary effects on parathyroid hormone production (40) . In man, excess GH/IGF-1 is associated with high bone turnover (40) (41) (42) , which may lead to bone loss and increased fracture risk. In mice, osteoblastspecific expression of IGF-1 associated with decreased bone volume and increased bone turnover favored more resorption (28) . In our study, serum levels of the bone turnover marker osteocalcin did not differ between bGH and control mice, whereas serum levels of the bone resorption marker CTX were elevated in female bGH and bGH/ALSKO mice but did not reach significance in male mice. Note that serum levels of osteocalcin and CTX are only crude measurements of bone turnover because we do not know which bone compartment is affected (cortical vs. trabecular bone) or whether their source is the axial or appendicular skeleton. bGH male (genetic model) mice showed increased numbers of OC progenitors in bone marrow compared with numbers in controls and increased cathepsin K2positive cells on trabecular bone surface, which suggests more bone resorption. However, bGH females did not show such differences. Further studies are needed to address sex-specific bone remodeling in the bGH mice at different ages during skeletal acquisition.
MicroCT data suggested compromised bone modeling, which was consistent with findings from a previous study (43) showing that excess GH in male mice was associated with impaired skeletal morphological and mechanical properties. Reductions in serum IGF-1 levels in bGH/ALSKO and bGH mice injected with siRNA duplexes reduced skeletal growth compared with levels in naive bGH mice. This was evident by decreases in the radial cortical bone properties T.Ar, Ct.Ar, and Cs.Th. Overall, the data show that reductions in serum IGF-1 levels in mice with excess GH is associated with reduced skeletal acquisition. We showed that despite the robust morphology of bGH femurs (in both sexes) with increased Tt.Ar, bone Le, and MMI, male bone mechanical properties were impaired, indicating reduced bone quality. This was evident by reduced bone stiffness and toughness in bGH male bones, tested with the three-point bending assay, and in agreement with reduced cortical bone TMD in bGH male mice. In contrast, in female bGH mice, we did not find significant differences in bone toughness and stiffness compared with values in WT controls, and no differences in cortical bone TMD were detected. Because changes in igf-1 expression in bone tissue were not evident in either sex of bGH and bGH/ ALSKO mice, we cannot attribute the differences in stiffness and toughness between male and female mice to the autocrine/paracrine mode of IGF-1 action. Thus, other GH-dependent local or systemic factors must play a role in skeletal sexual dimorphism.
With regard to the trabecular bone compartment, most of the differences were detected using the genetic model. bGH/ALSKO males showed decreased bone volume relative to total volume, BMD, and Tb.Th compared with controls, and female bGH/ALSKO mice showed reduced BMD, Tb.Th, and Tb.N compared with controls. Together, these data suggest either a defect in trabecular bone gain during growth or increases in trabecular bone resorption postnatally.
Several possible mechanisms may explain the skeletal sexual dimorphism in the bGH mice; among them are interactions between the GH/IGF-1 and the sex steroid axes (44) . Unlike in the liver (45) , in the skeleton molecular mechanisms implicated in GH-mediated sexual dimorphism have not been discovered. It is conceivable that GH together with sex steroids regulates bone modeling and osteoblast function (matrix deposition and mineralization) in a sex-specific manner via induction of a subset of genes that are expressed in different levels in each sex. These may be transcription regulators, such as runx2 (46, 47) , or matrix proteins, such as collagen (48) . Clearly, the somatotropic (GH/IGF-1) and gonadotropic (sex steroids) axes cross-react during puberty to regulate linear and radial bone growth. Studies in GH receptor null (49) and IGF-1 null mice (50) , which also exhibit impaired gonadal development, revealed that skeletal sexual dimorphism was lost.
Our data with the genetic and siRNA models showed that the effects of bGH and ALS variables on body weight, organ weight, and skeletal properties are sex independent, such that the effects of bGH and ALS were seen in both sexes for different magnitudes (by three-way analysis of variance; data not shown). By studying both sexes, we found that congenital ablation of ALS in bGH mice reduced body weight by ;29% and ;25% in male and female bGH/ALSKO mice, respectively (compared with bGH alone). Injections of siRNA-ALS reduced body weight by ;15% in male bGH mice but was ineffective in female bGH mice.
With regard to skeletal parameters, the Tt.Ar was reduced by ;28% and ;30% in bGH/ALSKO male and female mice, respectively, compared with areas in bGH alone mice. The bone area was reduced by ;10% and ;17% in male and female bGH/ALSKO mice, respectively, compared with the area in bGH alone mice. Injections of siRNA duplexes effectively reduced cortical bone traits, with the most effective inhibition found in siRNA-ALS/IGF-12injected mice. Overall, we found that male and female bGH mice responded similarly to reductions in serum IGF-1 levels.
In summary, we showed that congenital ablation of als or silencing liver production of Igf-1/als significantly reduced serum IGF-1 levels, even in states of GH excess.
Reductions in serum IGF-1 level were associated with overall decreased body size, with proportional reductions in organ sizes. Excess GH was associated with increased skeletal size, with more robust bones (in bGH mice). However, in male but not female mice, mechanical properties were compromised, most likely because of impaired tissue quality. Reductions in serum IGF-1 levels were also associated with decreased trabecular bone fraction and BMD. Ongoing studies will determine whether the reductions in serum IGF-1 levels affect longevity and the overall health of the bGH/ALSKO mice.
